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Abstract: At present, organic fertilizers are not widely used in intensive arable agriculture, and not 
much is known about their effects on crop nutrition. In a field experiment at Rothamsted, UK, 
anaerobic digestate (AD), compost, farmyard manure (FYM), straw, and mixes of amendment + 
straw, were applied at: 1, 1.75, 2.5 or 3.5 t carbon ha−1, with all plots receiving the same input of 
mineral fertilizer. After five seasons of application, plots receiving non-straw amendments had 
greater straw and grain yield of 28% and 18% respectively, and plots receiving the highest 
amendment rate had a 37% higher straw and 23% higher grain yield, compared to control plots. 
Whereas, the straw-only amendment did not increase yield compared to the control. The 
concentrations of secondary and micro nutrients in the crop, particularly P, Ca, and S in the straw, 
and P and Fe in the grain, were significantly greater in the crop receiving non-straw amendment 
compared to the control. Interestingly K, Fe, and Zn were greater in the crop straw treated with the 
straw-only amendment. Therefore ‘biomass dilution’ of secondary and micro nutrients did not 
occur in the higher-yielding amended plots after five seasons, and organic fertilizers would improve 
the quality of high-yielding, intensively produced crops. The study also demonstrates that portable 
x-ray fluorescence (pXRF) could be a reliable, cost-effective tool for screening potential organic 
fertilizers. 
Keywords: organic fertilizers; crop mineral nutrition; soil organic matter (SOM); portable x-ray 
fluorescence (pXRF) 
 
1. Introduction 
Mineral fertilizers, particularly nitrogen, phosphorus, and potassium (NPK), are widely used in 
intensive arable farming, but at present organic fertilizers are not common. In 2017, organic fertilizers 
in the form of manure or slurry were applied to 25% of the area of arable crops in the UK. Across all 
farm types, cattle slurry (49%) accounts for the greatest source of organic fertilizer, followed by 
farmyard manure (FYM, 38%), biosolids (treated sewage sludge), and industrial wastes (including 
compost, brewery effluents, and paper waste), each accounting for ~2% of the organic fertilizer 
applied [1]. On-farm processing of waste using anaerobic digestion is carried out by 5.4% of farms 
[2]. Furthermore, crop straw is removed from 73% of UK farms, which removes 10% more P and 50% 
more K compared to the removal of grain alone [3].  
Recycling organic waste as a crop fertilizer, as opposed to its disposal at landfill, would reduce 
greenhouse gas emissions [4,5]. In the EU in 2017, 26% of MSW (municipal solid waste/ bio-waste) 
was landfilled, 30% was recycled, and a further 17% was composted [6]. This is an increase in 
recycling and composting of 195% and 205% respectively, since 1995 and the adoption of the 
European Landfill Directive [7]. In the UK, there has been a reduction in methane emissions from 
landfills of 74% over the period 1990–2013 [8], and in the EU a reduction in CO2 emissions from 
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landfills of over 56% since 2001 [9], which is predominantly explained by the recycling of 
biodegradable materials. The use of organic fertilizers would also contribute to carbon sequestration 
[10–12]. Model predictions using data from the Askov long-term agricultural trials suggest an 
increase in carbon storage after conversion to organic farming of 10–40 g C m−2 y−1 in the first 50 years 
[12]. Furthermore, use of locally produced organic fertilizers would reduce the energy costs 
associated with the production and transport of mineral fertilizers. 
Soil organic carbon (SOC) is an important indicator of soil health, particularly with regard to soil 
fertility for crops, because it has numerous benefits: improving soil structure through soil particle 
aggregation enabling better root access, increased water infiltration and retention, increased nutrient 
bioavailability due to SOM (soil organic matter) decomposition, and more exchange sites for mineral 
nutrients increasing the soil’s cation exchange capacity. In a non-fertilized soil, SOM may provide 
90% of plant available N, 80% of plant available P, and 50% of plant available S, as well as micro 
nutrients [13]. The Hoosfield experiment at Rothamsted, UK, shows that over the past 40 years a 
greater barley yield was reached with the manure only treatment compared with the mineral fertilizer 
only treatment [14]. Similar benefits of manure were reported from other long-term field trials; in 
rice-wheat systems in India [15]; in wheat-fallow experiments in Columbia, USA [16]; and in a winter 
wheat-maize rotation in China [17]. Yet, a meta-analysis of long-term trials in Europe [18,19], in 
particular of the Askov trials in Denmark, showed that when the FYM amendment was balanced 
with the mineral fertilizer to have the same NPK rates applied, the mineral fertilizer treatment gave 
slightly greater yields than the fertilizer + manure treatments after 10 years [18]. The latter studies 
suggest that it may specifically be the added nutrient benefit of organic matter rather than an 
improvement in soil health generally which improves yield over treatments with mineral fertilizer 
alone.  
High input agricultural systems that supply only major nutrients to the crop may suffer from a 
lack of secondary nutrients (e.g. Ca, Mg, and S) and micro nutrients (e.g. Fe, Cu, and Zn), which can 
impact yield and nutritional quality of harvested products [20,21]. Furthermore, modern high-
yielding varieties that grow larger and faster may not acquire secondary and micro nutrients at a 
sufficient rate—a ‘genetic dilution effect’ [22]. For example, archived wheat grains grown on the 
Rothamsted long-term Broadbalk wheat experiment showed a 19% reduction in Mg concentration 
from 1138 to 924 mg kg−1 in modern high yielding varieties grown since 1968 compared with older 
varieties [23], and similar observations in durum wheat have been made [24]. Significant declines in 
micro nutrient concentrations in UK vegetable and fruit produce from the 1980s compared with the 
1930s have also been found [25]. This ‘yield dilution effect’ has been seen in strong inverse 
relationships between wheat grain yield and grain micro nutrient concentrations [26,27].  
An additional supply of secondary and micro nutrients from organic sources will likely benefit 
both yield and the quality of produce. However, comparisons of the effect of different organic 
amendments on crop nutrient concentrations have not been studied extensively. Wheat grain Zn 
concentrations were found to more than double with sewage sludge applications over 4 years in UK 
field experiments [28]. The concentration of secondary and micro nutrients Mg, Fe, K, Ca, and Mn of 
the edible part of vegetables was greater when grown in organic compared with conventional farms 
[29], whereas heavy metal toxicant concentrations of vegetables were greater when grown in 
conventional rather than organic systems [30]. It was observed in rice that uptake of P and K was 
greater with chicken manure than compost treatment, whereas uptake of N, Ca, and Mg was greater 
with compost treatment [31]. Application of FYM and green manure (clover) increased wheat shoot 
and grain N, S, and P, but shoot and grain Zn and Cd only increased with FYM application [32]. The 
uptake of P from phosphate fertilizers applied to maize increased with the application of green 
manure [33]. 
Organic fertilizers include a wide range of different materials with sometimes quite different 
properties. Here we used four different materials widely available to farmers in the UK. Anaerobic 
digestate (AD) is a by-product of bio-gas production from organic waste under anaerobic 
decomposition. The digestate consists of left-over indigestible material and dead micro-organisms. 
All nitrogen, phosphorous, and potassium remains in the digestate as none is lost in the biogas, and 
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plant available ammonium content increases after digestion [34]. Compost has already been 
somewhat mineralized, and in contrast to fresh residues, decomposes and releases nutrients slowly 
when added to soil [35–37]. Farmyard manure is usually a mix of crop residues and animal feces with 
a low C/N ratio, which decomposes fast and readily releases plant available nutrients [38]. Fresh 
straw has a very high carbon to nitrogen ratio, meaning that free N can be immobilized by micro-
organisms during decomposition and less is available for plant uptake. Nitrogen is more readily 
available in digestate, but P and K are more readily available in compost and FYM [39]. Co-
composting low C/N-ratio materials, e.g., manure with high C/N-ratio materials (e.g., straw), 
provides increased carbon for microbes to immobilize the free N in the manure and therefore 
minimizes excess nitrate leaching, and, on the other hand, provides sufficient nitrogen to speed the 
decomposition of the straw.  
The aim of this field experiment was to investigate the effects after 5 years of applying different 
types and rates of organic amendments on soil and crop nutrition and crop yield. Although the effect 
of different organic amendments on yield have been studied extensively, the effects on crop nutrition 
have not. Furthermore, in this study, pXRF (portable x-ray fluorescence) spectroscopy was used to 
measure the total elemental content of soil, crop, and organic fertilizer samples. X-ray fluorescence is 
a faster and cheaper method for the analysis of materials with a wide range of elemental contents, 
and with organic materials can give comparable results to conventional techniques [40–42]. Testing 
the elemental content of new organic fertilizer products and their effect on crop produce could 
accelerate the assessment of the suitability of new fertilizer products [42,43].  
2. Materials and Methods  
2.1 Trial Design 
To investigate the effect of adding different types and rates of organic matter amendment to the 
nutritional content and yield of crops, the Fosters field experiment has been conducted over 5 
consecutive seasons between 2012–2017. The trial is based at Rothamsted Research in Harpenden, 
Hertfordshire, in the Southeast of England (51.82 N, 0.37 W). The site is at an altitude of 130 m, and 
has a temperate climate with mean annual temperature of 10 °C and mean annual rainfall of 700 mm. 
The soil is characterized as a flinty clay loam of the Batcombe series (average 25% clay, but somewhat 
variable), with total organic carbon of 1.6% and a pH of 7.0. The trial consists of 220 ploughed plots 
of 9 × 6 m each (allowing harvest of a 2 m central strip), arranged as a randomized block design in 4 
blocks. For this study we have sub-sampled 120 of the plots from the experiment which includes only 
those plots receiving the same recommended rate of mineral N fertilizer but variable rates of OM (the 
remaining plots received variable rates of mineral N fertilizer but the same rate of OM). All plots 
received inorganic nitrogen at the RB209 recommended rate for the specific crop, ranging from 0 to 
220 kg ha−1 (RB209, Nutrient Management Guide, Agriculture and Horticulture Development Board, 
[44]) in 2 separate applications, as well as sulphate of potash (SOP) fertilizer at 111 kg ha−1 each year, 
except for the 2017 season; however, no P was applied during the experiment because available soil 
P was sufficient according to the RB209 guidelines. Two arable rotation series were compared in two 
replicate blocks each season, with half the field sown with each crop; in 2012–13, these were winter 
wheat and spring barley; in 2013–14, winter oilseed rape (OSR) and spring barley; in 2014–15, winter 
wheat and winter oats; in 2015–16, winter wheat and spring barley; and in 2016–17, only winter wheat 
was sown. The cultivations were performed on the same area (GPS located) over the 5 years of the 
experiment. The experiment was managed using a conventional regime of pest/weed control and 
ploughing.  
2.2 Organic Amendments 
The experiment was treated with four types of organic amendment at the start of each season: 
anaerobic digestate (AD, in solid form from vegetable waste), compost (from a mix of green and food 
waste), farmyard manure (FYM, from cattle, composted for 1 year), and straw (from wheat and barley 
grown on the same trial in previous years). There was also a control with no organic amendment 
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applied. Each amendment was applied at 4 different rates: 1, 1.75, 2.5 or 3.5 tons carbon ha−1 (n = 4: 1 
plot per OM treatment at each OM rate per block). In addition, mixtures of non-straw and straw 
amendments: AD + straw, compost + straw, and FYM + straw were applied at a 50:50 rate of carbon 
content. Organic amendments were applied manually in autumn, and FYM and straw were first 
chopped with a spreader. The amount of amendment applied was calculated based on the carbon 
content. Prior to application, samples (n = 3) of all amendments were analyzed for fresh and dry 
weight, and for total C and N by LECO (TruMac Combustion Analyzer, St. Joseph, Michigan, USA). 
Total C content and moisture levels were then used to calculate the quantity of each amendment 
required for each C rate. In addition, total elemental contents of the amendments were analysed using 
pXRF (see methods below). 
2.3 Crop and Soil Sampling 
Harvest of grain and straw was carried out using a Sampo 2010 plot combine over an area of 9 
× 2 m from the center of each plot. Sub-samples of grain and straw were oven dried at 80 °C for 48 h 
after collection. Yield was calculated as 85% dry matter based on the moisture content of the sub-
sample. Sub-samples of straw and grain from each plot were ground to powder < 0.5 mm, using a 
Retsch 400 ultra-centrifugal mill with a titanium rotor (Retsch GmbH, Germany). Soil sampling using 
an auger was carried out after harvest and 5 samples were taken from each plot in a standard ‘W’ 
pattern from 0 to 30 cm depth. The 5 samples per plot were pooled and homogenized. The samples 
were air dried for 7 days before being ground to a powder on a Retsch PM400 planetary ball mill 
(Retsch GmbH, Germany). 
2.4 Crop and Soil Nutrient Analyses 
Total carbon and nitrogen content in the organic amendments, soil and total nitrogen in grain 
samples were analyzed by LECO combustion in samples from the baseline and after 5 years (2013 
and 2017). A technical replicate was performed every tenth sample for quality control assessment. 
Only a sub-set of the grain samples was analyzed, including the amendment and control treatments 
but excluding the mixture treatments, i.e., amendment + straw.  
Total element concentrations of the soil, crop straw, and grain were measured using energy 
dispersive x-ray fluorescence (EDXRF) technology with a pXRF (portable XRF, TRACER 5i, Bruker, 
Berlin, Germany). The TRACER 5i uses a rhodium anode with a full width height maximum (FWHM) 
of 135 eV at the manganese K-alpha line (Kα). The detector is a proprietary 40 mm2 silicon drift 
detector with a typical resolution < 140 eV at 250,000 cps (counts per second) Mn Kα. Excitation 
parameters are optimized for either light (Na-Ca) or trace (Ti-U) elements. Plant and soil calibrations 
had previously been established using reference material values measured in-house by total acid 
dissolution and ICP-OES or ICP-MS (inductively coupled plasma optical emission 
spectrometry/mass spectrometry) analysis. Quantification models were built with empirical Lucas-
Tooth algorithms (Lucas-Tooth and Price, 1961) using automated settings in EasyCal software 
(Bruker, Berlin, Germany). Trace elements (Mn, Fe and Zn) in plant material were measured with a 
voltage of 35 keV, current of 35 µA, and a 25 µm Ti:300 µm Al filter. In soil the trace elements were 
measured with a voltage of 30 keV, current of 50 µA, and a 25 µm Ti:300 µm Al filter. Light elements 
(Mg, K, Ca, P, and S) in both plant and soil material were measured with a voltage of 10 keV, current 
of 70 µA, and no filter. However, note that light elements including Mg have a high limit of detection 
using pXRF with the current method employed. Furthermore, the soil calibration does not predict 
potassium with accuracy, and under-predicts 2–3-fold. Approximately 1 g of plant and 5 g of soil 
material were analysed in 30.9 mm wide (Ø) and 29.2 mm high sample cups (Chemplex, Palm City, 
Florida, USA), which had a 4 µm prolene film (Chemplex, Palm City, Florida,USA) at their base. 
Elemental concentrations (%) were given as an average of continual measurements throughout a 90 
second measurement period.  
2.5 Statistical Analyses 
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General analysis of variance (ANOVA) was used with the following parameters: treatment 
factors; split/straw only/amendment only (Straw_OM-rate + Amendment_OM-rate × Amendment × 
Amendment + straw), where ‘split’ compared all amendments with the untreated, ‘straw-only’ 
compared the straw only amendment with all other treatments, and ‘amendment-only’ compared 
non-straw amendments with all other treatments, respectively. Blocking factors were field blocks and 
sub-blocks. The residual graphs were checked and always met normality assumptions. Statistical 
analyses were performed using Genstat (18th edition, VSN International Ltd., UK).  
2.6 Amendment Nutrient Contents 
The 5-year average total carbon concentration was 24%, 35%, 43%, and 45% in compost, FYM, 
AD, and straw, respectively. Total 5-year average nitrogen concentration was 0.5%, 1.4%, 1.9%, and 
2.5% in straw, AD, compost and FYM, respectively. The 5-year average C:N ratio was 14, 18, 24, and 
104 in FYM, compost, AD and straw, respectively (Table 1). Anaerobic digestate had the highest 
concentration of phosphorus in both years and in 2013 had the highest concentration of K and S, but 
in 2017 K and S were highest in FYM. Compost had the highest concentration of Ca and Fe in both 
years. Magnesium was highest in FYM in 2013 and compost in 2017. Farmyard manure had the 
highest concentration of Zn and Mn in both years (Table 1). Across all amendments, FYM had the 
lowest C:N ratio and a good supply of other nutrients, whereas straw had the highest C:N ratio and 
was low in most nutrients except K. 
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Table 1. Total C and N and C:N ratio, and macro and micro nutrient concentration (measured using 
pXRF) of the amendments: anaerobic digestate, compost, FYM and straw, in the baseline season 
(2013), after 5 seasons (2017), and as an average of the analyses from each of the 5 seasons. 
 Season Anaerobic 
Digestate 
Compost FYM Straw 
Total C (%) 
2013 41.7 29.3 30.8 45.9 
2017 43.4 19.5 37.1 43.4 
5-year average 42.7 24.1 34.6 45.2 
Total N (%) 
2013 2.4 1.4 2.7 0.5 
2017 1.5 1.5 2.8 0.6 
5-year average 1.9 1.4 2.5 0.5 
Extra added per year 
(at rate 3, kg ha−1) 
48 35 63 13 
C:N 
2013 17:1 21:1 11:1 92:1 
2017 30:1 13:1 13:1 74:1 
5-year average 24:1 18:1 14:1 104:1 
P (mg kg−1) 
2013 4300 1900 4300 600 
2017 5000 2600 4400 627 
Extra added per year 
(at rate 3, kg ha−1) 
11.6 5.6 10.9 1.5 
K (mg kg-1) 
2013 16,700 9000 12,000 12,900 
2017 16,600 12,500 31,800 11,900 
Extra added per year 
(at rate 3, kg ha−1) 
41.6 26.9 54.8 31 
Ca (mg kg−1) 
2013 9900 23,800 13,400 3400 
2017 5800 18,100 12,600 5000 
Extra added per year 
(at rate 3, kg ha−1) 
19.6 52.4 32.5 10.5 
Mg (mg kg−1) 
2013 2900 2800 3400 960 
2017 3100 4000 3600 760 
Extra added per year 
(at rate 3, kg ha−1) 
7.5 8.5 8.8 2.2 
S (mg kg−1) 
2013 5300 2200 3500 414 
2017 2200 2100 3700 1400 
Extra added per year 
(at rate 3, kg ha−1) 
9.4 5.4 9 2.3 
Fe (mg kg−1) 
2013 2300 9000 5200 77 
2017 600 10,600 2600 147 
Extra added per year 
(at rate 3, kg ha−1) 
3.6 24.5 9.8 0.3 
Zn (mg kg−1) 
2013 47 70 140 11 
2017 41 51 266 11 
Extra added per year 
(at rate 3, kg ha−1) 
0.1 0.2 0.5 0.03 
Mn (mg kg−1) 
2013 102 143 357 47 
2017 89 197 374 81 
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Extra added per year 
(at rate 3, kg ha−1) 
0.2 0.4 0.9 0.2 
3. Results 
The effect of organic amendments: FYM, compost, and AD with and without added straw and 
straw-only, and the rate of application, on crop straw, grain mineral nutrient concentration, and yield 
was assessed. This analysis was conducted for all plots receiving the same rate of mineral fertilizer. 
In the 2012–2013 season, results were pooled for spring barley and wheat because there were an equal 
number of barley and wheat plots in the amended and control treatments. ANOVA tests showed no 
significant differences between wheat and barley in yield or total N and C in grain. Yet, there was a 
greater Ca concentration in barley straw compared to wheat straw, and higher Ca, Cu, and P but 
smaller Mn in the barley grain p < 0.05 in all cases (data not shown). 
3.1 Yield Effects 
Figure 1 shows the median yield per amendment, pooled from the plots receiving the four 
different OM rates (n = 4 per OM rate, total n per treatment = 16) and separated for amendments with 
and without added straw, in the baseline year 2013 and in 2017. Averages for all four rates are shown 
because although straw and grain yields did increase with increasing rates, these differences were 
rarely significant.  
In 2013, straw and grain yields were not significantly different between the amendment 
treatments and the control (Figure 1a and b), whereas, in 2017, the amendments without added straw 
had 28% greater straw yield compared to the control with means of 3.6 and 2.6 t ha−1, respectively (F 
= 10.0, p < 0.01, Figure 1a). There was also an effect of amendment application rate on straw yield, 
and the amendments without added straw which received the maximum application rate (4) had a 
37% increase in straw yield compared to the control, with means of 4.1 and 2.6 t ha−1, respectively (F 
= 3.9, p < 0.01, Figure 1a). As with the straw yield, grain yield was 18% greater with the amendments 
without added straw compared to the untreated control with means of 7.4 and 6.1 t ha−1, respectively 
(F = 11.2, p <0.001, Figure 1b), and grain yield with the amendments without added straw which 
received the maximum application rate (4) was 7.9 compared to 6.1 t ha−1 in the control, although this 
difference was not significant. Yield did not differ significantly between the non-straw amendments, 
although the yield trend corresponded to a decreasing C:N ratio: AD > compost > FYM (Table1). 
However, the straw-only and amendment + straw treatments did not increase yield compared to the 
control.  
Across all treatments, grain yields were smaller in 2017 compared with 2013, partly due to less 
favorable weather, and partly because the 2017 crop was a second cereal crop in the sequence.  
 
Figure 1. Median (± 25th and 75th quartiles, 95% CI and outliers) of a. straw yield and b. grain yield 
in the baseline year 2013 and in 2017. Wheat (and barley in 2013) was grown on plots treated with 
different organic matter amendments or without amendment. The amended plots also had additional 
straw or not (Yes and No, respectively). All plots had received the same rate of inorganic fertilizer. 
Per treatment the results are pooled from plots receiving different OM rates; 1–4 (n = 4 of each, total 
n = 16). 
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3.2 Crop Straw Nutrient Contents 
Increasing yields often cause a ‘biomass dilution’ of mineral nutrient concentration in the plant, 
i.e., the nutrient content is not proportional to biomass, which results in a smaller nutrient 
concentration. Thus, an assessment of nutrient concentration rather than total uptake (nutrient 
concentration × yield) will account for such biomass effects, especially when the results described 
above—Increasing yields with the use of amendments—Are considered.  
In 2013, the straw concentrations of Ca as a function of OM rate (F = 2.5, p < 0.05) and S as a 
function of amendment type—Being greatest with AD treatment (F = 2.6, p < 0.01)—Differed 
significantly between the amended and control plots (Figure 2 a–f). By contrast, in 2017 (Figure 2 a–
f), the straw of the amended crop compared to the control had significantly greater concentrations of 
P (F = 7.0, p <0.05), K (F = 4.1, p <0.05), Ca (F = 7.5, p <0.01), and S (F = 11.1, p <0.001). The straw of the 
straw-only treatment had greater concentrations of K (F = 4.1, p <0.05), Fe (F = 12.6, p <0.001), and Mn 
(F = 4.3, p <0.05) compared to all other treatments. In the case of P concentration, there was also a 
significant effect of amendment without added straw application rate in 2017, with means of 400 mg 
kg−1 P with the maximum application rate (4) and 300 mg kg−1 in the control (F = 2.5, p <0.05). 
Therefore, in 2017, the availability of nutrients was sufficient in the amended plots to facilitate both 
greater yield and nutrient concentrations compared to the untreated control, thus, no biomass-
dilution was evident. However, nutrient concentrations did not differ significantly between the 
amendments, indicating that all amendments were able to maintain similar nutrient concentrations. 
Summary data are available in Supplementary Tables 1 and 2. 
 
Figure 2. Median (± 25th and 75th quartiles, 95% CI and outliers) straw concentration of a. 
phosphorus, b. potassium, c. calcium, d. sulfur, e. iron, and f. manganese in the baseline year 2013 
and in 2017. Wheat (and barley in 2013) was grown on plots treated with different organic matter 
amendments or without amendment. The amended plots also had additional straw or not (Yes and 
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No, respectively). All plots had received the same rate of inorganic fertilizer. Per treatment the results 
are pooled from plots receiving different OM rates; 1–4 (n = 4 of each, total n = 16).  
3.3 Crop Grain Nutrient Contents 
In 2013, the grain S concentration decreased as a function of straw OM rate (F = 3.3, p < 0.05) and 
grain Zn concentration increased as a function of non-straw amendment OM rate (F = 4.6, p < 0.01, 
figure 3 a–h). In 2017, the grain from the amended as compared with the untreated control had a 
greater concentration of P (2000 and 1900 mg kg-1, respectively (F = 5.0, p <0.05)), Fe (34 and 31 mg kg-
1, respectively (F = 5.4, p < 0.05)) and Zn as a function of amendment type, being greater in the FYM 
and straw treatments (F = 2.4, p < 0.05, figure 3 a–h), and S, being greatest with the straw-only 
treatment (F = 3.9, p < 0.05). Summary data are available in Supplementary Tables 1 and 2. 
 
Figure 3. Median (± 25th and 75th quartiles, 95% CI and outliers) grain concentration of a. phosphorus, 
b. potassium, c. calcium, d. sulfur, e. iron, f. zinc, g. manganese, and h. nitrogen in the baseline year 
2013 and in 2017. Wheat (and barley in 2013) was grown on plots treated with different organic matter 
amendments or without amendment. All plots had received the same rate of inorganic fertilizer. Per 
treatment the results are pooled from plots receiving different OM rates; 1–4 (n = 4 of each, total n = 
16). 
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3.4 Soil Total Nutrient Contents 
The trends in the soil total nutrient contents were very similar in 2013 and 2017. By 2017 the total 
nutrient content of the soil of the non-straw amended and untreated control showed only small 
differences. The soil of the non-straw amendments had a 7% greater total carbon concentration (1.60% 
versus 1.49%, respectively (F = 4.1, p < 0.05)), and a greater total carbon concentration as a function of 
OM rate (1.7% in the soil receiving the maximum application rate (4) and 1.5% in the untreated control 
(F = 3.7, p < 0.01)), as well as a greater total N concentration as a function of OM rate (0.16% in the soil 
receiving the maximum application rate (4) and 0.15% in the untreated control soil (F= 3.3, p < 0.01, 
Figure 4 a–h)). In addition, soil from the untreated control had a significantly greater concentration 
of Mn compared to all amendment treatments (F = 5.8, p < 0.05). On the other hand, interestingly, the 
soil of the straw-only treatment had smaller concentrations of K (F = 3.8, p < 0.10 and F = 6.6, p < 0.05), 
Fe (F = 6.0, p < 0.05 and F = 6.6, p < 0.05), and Zn (F = 5.1, p < 0.05 and F = 12.7, p < 0.001), in both 2013 
and 2017, respectively. Furthermore, concentrations of Zn and Mn were also significantly smaller 
with the straw-only treatment as a function of straw application rate (F = range 2.6–2.7, p 0.05–0.10). 
Summary data are available in Supplementary Tables 3 and 4. 
 
Figure 4. Median (± 25th and 75th quartiles, 95% CI and outliers) soil concentration of a. total carbon, 
b. total nitrogen, c. phosphorus, d. potassium, e. calcium, f. iron, g. zinc, and h. manganese in the 
baseline year 2013 and in 2017. Wheat (and barley in 2013) was grown on plots treated with different 
organic matter amendments or without amendment. The amended plots also had additional straw or 
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not (Yes and No, respectively). All plots had received the same rate of inorganic fertilizer (RB209 
recommended rate). Per treatment the results are pooled from plots receiving different OM rates; 1–
4 (n = 4 of each, total n = 16). 
4. Discussion 
The maximum application rate (4) of C in this study was 3.5 t ha−1, which is equivalent to 35 t 
(fresh weight) FYM ha−1 [39]. In this study, the application of FYM at rate 3 increased the P and K 
applied to the soil by 11 and 55 kg ha−1 per year, respectively (Table 1). According to the Nutrient 
Management Guide, FYM at 35 t ha−1 supplies approx. 245 kg total N ha−1, as well as 25 kg available 
N ha−1, 55 kg of available P ha−1, and 209 kg available K ha−1 [39]. This compares with the winter wheat 
requirements, to yield 8 t/ha−1, of 220 kg available N ha−1, 65 kg available P ha−1, and 85 kg available 
K ha−1 [39]. Therefore, there is a shortfall in the amount of available N and P supplied to the crop by 
FYM alone. However, around 20%–30% of the organic N contained in manure slurry will be 
mineralized during the first season [45] and supply a considerable amount of the total available N 
needed by the crop. The organic P contained in FYM will be mineralized at around 0.9–4.2 mg P 
kg−1day−1 [46], and the surplus available K has good potential for long term storage in the soil [47]. 
Thus, farms which apply both manure and mineral fertilizer compared to those which apply mineral 
fertilizer only apply reduced levels of mineral fertilizers to winter wheat at rates of: N, 175 versus 191 
kg ha−1; P, 15 versus 33 kg ha−1; and K, 25 versus 39 kg ha−1, respectively [39].  
In 2013 there were no significant differences between the amended and untreated plots in straw 
and grain yield. However, by 2017, the straw yield was increased by 28% and grain yield by 18% in 
the non-straw amendment treatments compared to the control treatment (Figure. 1). Nitrogen from 
organic fertilizers often shows little effect on crop growth in the first year of application, because 
organically bound N has a medium and long-term release in soil [34,48]. Estimates based on modelled 
field data indicate that after five years the cumulated net N mineralization of the organic N input of 
pig and cattle slurry would be 71% and 51%, respectively, compared to ~20% mineralization after the 
first season [45]. In addition, compost can initially immobilize mineral N for 30–70 days in the first 
season of application due to the high C:N ratio. It was observed that after the first year as the C:N 
ratio decreased and organic N became increasingly available, yield increased with the compost 
treatment compared to the treatment with mineral fertilizer only [37].  
Regarding the availability of other macro and secondary nutrients in soil, soil samples taken at 
various times over a 25-year period from a long-term field experiment in Canada, which had received 
manure applications, indicated that repeated application of organic matter increases the proportion 
of potentially mineralizable P in soils, probably related to greater soil microbial and enzymatic 
activity over time [49]. An analysis of soil and grain sampled after 20 years from a long-term field 
experiment in Switzerland, comparing organic amendment-only and mineral-only fertilized systems, 
showed no difference in soil available and grain P concentrations between the two systems, although 
the residual and therefore potentially available P and microbial activity were higher in the organic 
system [50]. It has also been found that organic amendment-only soils had significantly less available 
P compared to the mineral-only fertilized soils [46]. After 3 years of application of different organic 
matter treatments, extractable P and K were observed to be lower with different organic matter 
treatments compared to a mineral-fertilizer only treatment, except for the P concentration under the 
FYM treatment [37]. In contrast, an increase in soil extractable P, K, Ca, and Mg has been observed 
with chicken manure application in a tropical soil [31]. In the present study, the increased crop 
nutrient concentrations after five seasons, but limited build-up of total soil carbon and nutrients, 
suggests an increased microbial population and therefore increased mineralization over time, making 
nutrients more immediately available, although we did not measure soil available nutrients. 
The yield in 2017 (Figure 1) increased in the order straw < AD <compost < FYM, corresponding 
to a decreasing C:N ratio in the amendment (Table 1). Therefore, the crop grown on straw amended 
plots, including the co-amendment treatments, had smaller yields compared to the non-straw 
amended plots, indicating that the high C:N ratio of the straw amendment of ~100:1 (exceeding the 
ideal of 25:1) resulted in immobilization of inorganic N otherwise available for crop uptake and yield. 
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This indicates that extra nitrogen was significant to yield, despite the application of the recommended 
rate of N to all treatments. The amount of straw applied in a co-compost treatment to reduce N 
leaching therefore needs to be well balanced to avoid yield loss. 
Macro and secondary nutrients P, K, and S were highest in FYM and AD amendments, and 
micronutrients Zn and Mn were highest in the FYM amendment, whereas, Ca and Fe were highest 
in compost amendment (Table 1). Despite these differences, there were few significant differences 
between the non-straw amendments in the effect on crop straw and grain nutrient uptake, and they 
were all able to supply sufficient nutrients—particularly P, Ca, and S in the straw and P and Fe in the 
grain, even at the higher yields of 2017 (Figure 2 and 3). It remained unclear whether these secondary 
nutrients were also important for the observed yield increase. Thus, organic amendments can 
counteract the shortfall in nutrient quality often experienced by high-yielding crops [23–27]. 
The straw of the crop grown on the straw-only amended plots had significantly greater 
concentrations of K and micro nutrients Fe and Mn compared to all other treatments (Figure 2). By 
contrast to the crop straw, the soil amended with straw-only had significantly decreased 
concentrations of total K, Fe, and Zn compared to other treatments, even after the first season (Figure 
4). This indicates that the availability of these nutrients had increased, which led to a greater crop 
uptake, and probably leaching, depleting the total soil concentrations. This increased crop 
concentration of nutrients with straw-only amendment can in small part be explained by the smaller 
yield with the straw treatment, but this does not explain the decreased total soil concentrations. A 
higher soil availability of K, Fe, and Zn in the straw-only amended plots may be due the high C:N 
ratio and slower mineralization of straw, leading to more anoxic conditions in wet soil conditions, 
under which a different set of microbes which use, in particular, Fe and Mn for respiration-
dissimilatory metal reduction, and make these metals more available in the soil [51]. The higher 
carbon content of the straw and therefore the greater microorganism requirement for nitrogen may 
also have increased mineralization of the soil carbon rather than mineralization of the amendment 
alone, and as K, Fe, and Zn only account for a small proportion of microbial biomass (1% of potassium 
and sulfur, 0.5% of calcium and magnesium, and 0.2% Fe and trace elements, compared to 14% 
nitrogen and 3% phosphorus) these nutrients would not be immobilized and would be more 
available in soil solution. Furthermore, plant uptake of K and Fe are often synergistic [52–54]. 
Previous research has shown that generally the availability of heavy metals decreases with 
increasing soil pH and organic matter, as carbonate or hydroxyl complexes, or stable complexes with 
humic substances are formed [55]. An increasing soil pH has been found with increasing manure 
application [56,57, 32], as well as a smaller concentration of extractable heavy metals: Cd, Cu, Ni, and 
Zn with increasing manure rate [56]. Smaller available Zn and Cu was observed in soils with higher 
OM contents [57,58]. Higher extractable soil and grain Cd concentrations, but not so with Zn, were 
found with compost treatment [59]. Furthermore, Zn extractability from soil is negatively related to 
phosphate [60,61]. Thus, the total soil content of heavy metals would be expected to remain stable or 
increase with OM application. Indeed, an 11-year field study using various organic wastes found the 
total soil content of most heavy metals increased with organic amendment compared to the control, 
and the availability often did not increase [62]. In the present study, there was little or no effect of the 
non-straw amendments on the total soil and crop content of micronutrients (Figure 4). This indicates 
both that the nutrients mineralized from the non-straw amendment were sufficient for the increased 
crop yield and therefore not depleting the total soil content, and that all mineralized nutrients were 
taken up and/or leached and were not sorbed by the soil. However, this study only measured total 
and not extractable elements or pH of the soil, so the effect of the amendments on these properties 
cannot be commented on. 
The soil total carbon concentrations showed only very small differences between the amended 
and untreated plots after five seasons. Similarly, in a 9-year field trial with plant and animal-based 
organic fertilizers, only in the FYM treatment did the SOC remain stable and not decrease [63]. After 
3 years of application of different organic matter treatments, no significant differences in soil total C 
and N were found with organic matter treatment [37]. However, after 10 years in the Askov trials, 
the soil from the treatment receiving FYM had ~10% higher carbon concentrations compared to the 
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mineral fertilized only treatment [64]. A 50% increase in soil carbon in a highly weathered tropical 
soil was found after just one year of compost amendment [65]. Thus, there is general agreement that 
within the first 10 years with modest applications of organic matter to typical arable soils there is 
limited organic carbon and nutrient build-up, but a greater build-up will occur in poorer soils and 
over longer periods. Also, it is a possible that a build-up of carbon occurred in the sub-soil <30 cm, as 
conventional ploughing can move organic matter down the soil profile and decrease it in the top 20 
cm [66], however this was not measured in the present study.  
5. Conclusions 
The benefit of the non-straw organic amendments compared with the mineral-only fertilizer 
treatment was seen in the increasing yield and adequate supply of both macro and micro nutrients- 
P, Ca, S, and Fe, thus avoiding biomass-dilution of nutrient concentration in the higher-yielding crop. 
This benefit was not evident after one season of application but took time to develop. The nitrogen 
made available to the crop, and therefore yield, decreased with the increasing C:N ratio of the 
amendment, and consequently the straw-only treatment did not provide an increased yield 
compared to the untreated plots. However, with the straw-only treatment there was an increase in 
the uptake of K and micro nutrients Fe, Mn, and Zn. Yet, in the soil, only a very small change in total 
carbon, and no change in total nutrient content, except with the straw-only amendment, was 
observed after five years. The study also demonstrates that pXRF could deliver reliable screening of 
potential organic fertilizers and their effect on crop material. 
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mixtures of amendment + straw and the untreated control. Table 2. 2017 crop means; straw and grain yield, 
nutrient concentration (measured by pXRF) and grain N (measured by LECO), under organic amendment 
treatments: AD, compost, FYM and straw and mixtures of amendment + straw and the untreated control. Table 
3. 2013 soil means; nutrient concentration (measured by pXRF) and C and N (measured by LECO), under organic 
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